1. Streambed drying is becoming more common due to climate change and increasing anthropogenic water resource pressures. Subsurface sediments are a potential refuge for benthic macroinvertebrates during drying events in temporary streams.
. Despite an increasing recognition of the wider value of ecosystem services provided by temporary streams and their biota (Acuña et al., 2014; Datry, Larned, & Tockner, 2014) , few studies have examined the response of individual lotic species to surface water loss, including their survival and the ability of individuals to access and use subsurface habitats during drying (Imhof & Harrison, 1981; Vadher, Stubbington, & Wood, 2015; Vander Vorste, Mermillod-Blondin, et al., 2016) . Addressing this knowledge gap is important because poor access to subsurface habitats (e.g. due to sedimentation/colmation) during streambed drying is likely to compromise the persistence of many aquatic macroinvertebrate species (Descloux, Datry, & Marmonier, 2013; Jones, Growns, Arnold, McCall, & Bowes, 2015; Vadher et al., 2015) .
After benthic sediments dry, subsurface water may persist within the hyporheic zone (Fenoglio, Bo, & Bosi, 2006; Hose, Jones, & Lim, 2005) . The potential for these subsurface sediments to function as a refuge has long been recognised (Williams & Hynes, 1974) . The hyporheic zone is an important habitat and resource for aquatic fauna during streambed drying in many streams (Dole-Olivier, 2011; Vadher et al., 2015; Vander Vorste, Malard, & Datry, 2016) . If individuals can access and persist in saturated subsurface sediments during periods of surface water loss, they may be able to return to the channel when flow returns (Stubbington, 2012; Vadher et al., 2015) , thus facilitating the rapid recolonisation and recovery of temporary stream communities (Vander Vorste, Malard, et al., 2016) . However, not all streams have extensive hyporheic zones and it may be absent in streams where, for example bedrock dominates the channel (Malard, Tockner, Dole-Olivier, & Ward, 2002) , or in other instances it may be inaccessible due to fine sediment deposition and clogging (Descloux et al., 2013; Vadher et al., 2015) .
A range of biological traits may enhance species resistance (ability to persist) and resilience (ability to recover) to stream drying, for example body size, locomotion and feeding habits (e.g. Bonada, Dol edec, & Statzner, 2007) . Sedimentary characteristics that may also affect access to and movement through the hyporheic zone have been explored (e.g. Descloux et al., 2013; Mermillod-Blondin, Winiarski, Foulquier, Perrissin, & Marmonier, 2015; Nogaro et al., 2006; Stubbington, Wood, & Reid, 2011) . Field (Descloux et al., 2013; Duan, Wang, & Tian, 2008; Gayraud & Philippe, 2003) and laboratory (Navel et al., 2010; Nogaro et al., 2006; Vadher et al., 2015) studies have demonstrated that sediment characteristics including particle size, shape, heterogeneity and porosity can influence the distribution of benthic populations. However, the direct response of individuals to drying and their ability to move into subsurface sediments has rarely been studied in real time (exceptions being Stumpp & Hose, 2013; Vadher et al., 2015) . This reflects the inherent difficulties of directly observing fauna within subsurface habitats.
In this ex situ study, we experimentally examined the effect of surface water loss and water level reduction within subsurface sediments of varying sediment characteristics (particle size, heterogeneity and interstitial volume) on the vertical movement of individuals of five benthic macroinvertebrate species. We used artificial sediments of known size and shape within laboratory mesocosms to directly control sediment characteristics. The use of different particle combinations allowed the volume of interstitial space to be quantified and controlled (Mathers, Millett, Robertson, Stubbington, & Wood, 2014) . To facilitate direct observation of individuals and their behaviour within the subsurface sediments, transparent artificial sediments were used to allow the precise location of individuals to be observed throughout the experimental period. We hypothesised that the response of lotic benthic macroinvertebrates to water level reduction and their vertical movement through the subsurface would: (1) be active rather than passive; (2) depend on subsurface sediment characteristics and (3) vary between species due to interspecific variation in traits (e.g. mode of locomotion, feeding group, habitat affinities).
| MATERIALS AND METHODS

| Invertebrate collection and test species
Five species of benthic macroinvertebrate were chosen for examination of their response to surface water loss and water level reduction: a stonefly nymph, Nemoura cambrica (Plecoptera: Nemouridae); a caseless caddisfly larvae, Hydropsyche siltalai (Trichoptera: Hydropsychidae); a mayfly nymph, Heptagenia sulphurea (Ephemeroptera: Heptageniidae); and two crustaceans, Asellus aquaticus (Isopoda: Asellidae) and Gammarus pulex (Amphipoda: Gammaridae).
These species consisted of one widespread inhabitant of seasonally dry headwater streams, N. cambrica (Stubbington et al., 2009) ; two species which have been widely recorded in benthic and hyporheic sediments in both perennial and temporary systems, A. aquaticus and G. pulex ; and two benthic species typically associated with perennially flowing systems, Hy. siltalai and H. sulphurea (Datry, 2012; Eyre, Pilkington, McBlane, & Rushton, 2005; Wood, Gunn, Smith, & Abas-Kutty, 2005) . These species were selected to represent a range of biological traits ( 
| Sediment-column mesocosms
Twelve sediment-column mesocosms were constructed from transparent acrylic pipes (35 cm 9 4.6 cm internal diameter; Figure 1a) to allow direct observation of individuals. Columns were sealed at the base by a rubber bung with a 5-mm glass tube (3 mm internal diameter) in the centre to allow drainage. A silicon tube was secured over the glass tube and a Hoffman clip allowed control of the water level to within 0.5 mm (Figure 1a ).
Columns were mounted onto retort stands (Figure 1b ) within an environmental cabinet (108 cm 9 27 cm 9 68 cm). The front wall of the cabinet was covered with a black cloth to maintain darkness and provide lighting conditions analogous to the subsurface streambed whilst allowing an observer to inspect the columns inside.
| Sediment treatments
Mixtures of three transparent particle types were used to create six sediment treatments of varying pore-size volumes: small (10-15 mm) angular particles; large (20-25 mm) angular particles and large (14-20 mm) smooth particles ( Table 2 ). The difference in interstitial volume between sediment treatments allowed examination of the effect of sediment porosity on the vertical movement by species.
The interstitial volume was calculated by measuring the amount of free water within the sediment-filled columns five times to provide a mean and standard error for each sediment treatment (Table 2) . Sediment treatments containing multiple particle types were thoroughly mixed prior to use, randomly distributed throughout the columns and filled to a depth of 25 cm ( Figure 1b ).
| Water treatment and depth control
Tap water was pre-treated with AquaSafe â (Tetra â , Virginia) to neutralise any residual chemicals and cooled to 11°C over a 24-hr period prior to the commencement of experiments. Dissolved oxygen was measured directly in the surface water at the start of experiments and oxygen saturation was maintained throughout each experiment using oxygen tablets, widely used in domestic aquaria.
Water was added to each column to 5 cm above the sediment surface ( Figure 1b) . Water level was then reduced in 12.5 mm increments every 15 min over a 5 hr experimental period until a 5 cm 
| Experimental procedure
One individual from the same species was introduced into each water-filled column. Individuals were left to acclimatise within the columns and environmental cabinet prior to the start of an experiment until they ceased active exploration and burrowing behaviour Macroinvertebrates were then euthanised and preserved using 70% industrial methylated spirit (IMS).
To distinguish between active and passive movements associated with water level reduction, experiments were repeated using the (Smock, 1980) . Head width measurements were standardised within species, being taken from the base of the antenna to the posterior margin of the head carapace for G. pulex and A. aquaticus, and as the widest cross section of the head capsule for Hy. siltalai, N. cambrica and H. sulphurea.
| Data analysis
We tested our first hypothesis, that movement into the subsurface would be active rather than passive, using paired sample t tests to com- than their cadavers, which remained close to the sediment surface (Table 3) . Live individuals within each sediment treatment reached greater absolute depths compared to their cadavers (Table 3) .
T A B L E 3 Paired sample t test analysis between the absolute depth moved by live individuals and cadavers for each species and within each sediment treatment (see Table 2 )
Mean absolute depth moved (mm) for each species within each sediment treatment generally increased from sediment treatment 1-6 with increasing interstitial volume (Table 2) , however, final depth reached in each sediment treatment decreased for each species from N. cambrica, A. aquaticus, G. pulex, Hy. siltalai to H. sulphurea respectively (Figure 2 ). Within each species, body size had no effect on final depth reached (GLM, p = .179).
| Effect of sediment treatment and species identity on the absolute depth moved
The effect of sediment treatment on the absolute depth moved by individuals varied between species (i.e. the interaction term was significant; GLM, p < .01). Specifically, the absolute depth moved by Table 2 N. cambrica individuals were significantly greater than: A. aquaticus individuals in sediment treatments 1-4 and 6; Hy. siltalai individuals in sediment treatments 1, 2 and 4; and H. sulphurea individuals in sediment treatments 1-4 (see Table S1 in Supporting Information).
The absolute depth moved by G. pulex individuals were significantly greater than: A. aquaticus individuals in sediment treatments 4-6;
Hy. siltalai individuals in sediment treatments 3 and 4; and H. sulphurea individuals in sediment treatments 1-4 (see Table S1 in Supporting Information). Body size had no effect on the absolute depth moved (GLM, p = .401).
| Effect of sediment treatment and species identity on the stranding of live individuals
Sediment treatment affected the likelihood of individuals being stranded (BLR, p < .001). Individuals were most likely to become stranded in sediment treatment 1 followed by 2-4 (not significantly different), then 5, and finally treatment 6 (Figure 3a ). More specifically, the likelihood of individuals becoming stranded differed between sediment treatments 1, 5 and 6 (pairwise BLR, p < .05). In addition, the likelihood of stranding in sediment treatments 1, 5 and 6 differed (pairwise BLR, p < .05) from the likelihood of stranding in treatments 2, 3 or 4 (for which the likelihood of stranding was comparable; pairwise BLR, p > .05).
Species identity also had a significant effect on the likelihood of individuals becoming stranded (BLR, p < .001). Individuals of H. sulphurea were most likely to become stranded followed by Hy. siltalai, G. pulex and finally A. aquaticus (pairwise p < .05; Figure 3b ); no N. cambrica individuals became stranded in any treatment (Table 4 and Figure 2a) . The majority of G. pulex individuals stranded in sediment treatment 1 (70%) and <50% were stranded in treatments 2 and 3 (Table 4 and Figure 2b ). Over half of A. aquaticus individuals were stranded in sediment treatment 1 (Table 4 and Figure 2c ) and ≤10% became stranded in treatments 2 and 3. The majority of Table 2 T A B L E 4 Percentage of individuals stranded above the water level during dewatering in each sediment treatment (see Table 2 
| Effect of sediment treatment on the vertical movements of benthic macroinvertebrates
We found support for our second hypothesis, that subsurface sediment characteristics would influence the ability of individuals to move vertically in response to water level reduction. Sediments with lower interstitial volume (sediment porosity) due to smaller particle sizes reduced the vertical movements of individuals of all species except N. cambrica. This supports previous studies which found that sediment characteristics influence the use of subsurface sediments by a range of benthic macroinvertebrate species (Descloux et al., 2013; Stubbington et al., 2011; Vadher et al., 2015) .
Previous studies have indicated that sediment characteristics such as interstitial pore volume influence the ability of macroinvertebrate taxa to move into subsurface sediments and that movement would reflect species traits (Boulton, Findlay, Marmonier, Stanley, & Valett, 1998; Gayraud & Philippe, 2003; Mathers & Wood, 2016; Vadher et al., 2015) . Small particles with reduced sediment porosity (i.e. fine sediment deposited on the sediment surface or those subject to sedimentation within the sediment matrix) potentially limit the function of the subsurface as a refuge for macroinvertebrates following surface water loss (Descloux et al., 2013; Navel et al., 2010; Vadher et al., 2015) and studies have reported the absence or reduced use of subsurface sediments due to the limited interstitial pore spaces available (Boulton, 1989; James, Dewson, & Death, 2008; Richards & Bacon, 1994; Smock, Smith, Jones, & Hooper, 1994) . Our observations provide direct evidence to support studies which have inferred that sediment characteristics limit the movement of benthic macroinvertebrates into the subsurface during adverse conditions (e.g. Olsen & Townsend, 2005; Smock et al., 1994; Stanley, Buschmann, Boulton, Grimm, & Fisher, 1994; Stubbington et al., 2011) .
| Species-specific vertical movements of individuals through sediments
Our results demonstrate that vertical movement varies between species, reflecting differences in traits and habitat affinities. This supports our third hypothesis, that the vertical movement of species through the subsurface would be influenced by their traits. The response to sediment porosity of the species examined was similar;
however, the absolute vertical distance moved by the five species differed. The family-level trait designation of Nemoura suggests that species in this genus have no affinity with the subsurface (Table 1; Tachet, Bournaud, Richoux, & Usseglio-Polatera, 2010), but our results suggest that this species is able to move into the sediments in response to water level reduction. In our study N. cambrica was able to freely move into the subsurface, in response to water level reduction and has also been recorded in temporary streams (Stubbington et al., 2009) . Nemoura cambrica has a small body size compared to the other species used in our experiments and can burrow and excavate itself from fine sediment deposits (Wood, Toone, Greenwood, & Armitage, 2005) . A reduced size of mature nymphs can promote invertebrate resistance in subsurface habitats (Gayraud & Philippe, 2001; Navel et al., 2010; Vander Vorste, Malard, et al., 2016 ) and may explain why N. cambrica did not become stranded above the water-line and moved freely through interstitial pore spaces in all experimental treatments. Although we did not detect an effect of body size on the vertical movement within individual species, the body size differences between species probably influences vertical movements.
Most G. pulex and A. aquaticus individuals moved vertically in all sediment treatments except the smallest particle size treatment. This observation advances the experimental findings of Vander Vorste, Mermillod-Blondin, et al. (2016) , who observed that G. pulex used the subsurface as a refuge in response to water level reduction, and Vadher et al. (2015) , who found that G. pulex were unable to use the subsurface when sediment porosity was reduced. In marked contrast, Hy. siltalai and H. sulphurea displayed limited ability to move vertically into the subsurface in response to water level reduction.
Both these taxa are primarily associated with benthic habitats in perennial streams, and a low affinity to intermittence (Eyre et al., 2005; Wood, Gunn, et al., 2005 ; Table 1 ) may mean that Hy. siltalai and H. sulphurea lack behavioural adaptations to move strongly into the subsurface sediments in response to drying.
The net-spinning caseless caddisfly larvae Hy. siltalai and the free-living mayfly nymph H. sulphurea, became stranded in most sediment treatments during water level reduction. Hydropsyche siltalai larvae are benthic filter-feeders and H. sulphurea larvae are benthic grazers (Table 1) . These feeding traits mean that these taxa typically occupy microhabitats close to, or on, the sediment surface where algal growth is most abundant and filter-feeding is most efficient. As a result, they may not typically move vertically into the subsurface as trophic resources would be reduced. However, even for these species, around half of Hy. siltalai individuals moved to the column base in the coarsest sediments with the largest interstitial pore space (treatments 5 and 6) and 60% of H. sulphurea remained submerged in the largest sediments (treatment 6) suggesting that in rivers with
coarse sediments and open gravel frameworks, stranding may be reduced and vertical movement possible to enhance the use of the subsurface refuge during streambed drying. These results provide evidence to support studies indicating reduced invertebrate species diversity within streams which have experienced surface water loss and drying (Bogan et al., 2013; Datry, 2012; Extence, 1981; Feminella, 1996) and clearly highlights the reduced vertical movement of some species typically associated with benthic habitats.
| Conclusions and future directions
Hydrological extremes within streams may become increasingly common as climate change (Ledger & Milner, 2015; Pyne & Poff, 2017) and water resource pressures interact to increase the duration of dry phases in some regions (Datry, Larned, & Tockner, 2014) . This study highlights the variation in species responses to simulated water level reduction in sediments with different characteristics. We highlight the need to understand species-specific responses in relation to differences in sediment characteristics among streams.
Although the subsurface sediments of the hyporheic zone can be an extensive refuge in gravel-bed rivers (Vander Vorste, Corti, Sagouis, & Datry, 2016) , they are naturally heterogeneous and can also be a patchy refuge (Dole-Olivier, Marmonier, & Beffy, 1997) . In some places, the hyporheic zone can be limited in spatial extent due to reduced interstitial habitat availability as a result of small particle sizes limiting access to the subsurface for many taxa (Gayraud & Philippe, 2003) . Furthermore, anthropogenic activity (e.g. mining and flow regulation) may result in enhanced fine sediment deposition, further reducing the ability of subsurface sediments to function as a refuge (Descloux et al., 2013; Vadher et al., 2015) .
Our results also highlight the need for effective refuge management and maintenance of sediment porosity in streams as active movements made by macroinvertebrates into the subsurface sediments could potentially enhance recovery from drying events and may maintain species abundance and diversity. Such management strategies should include measures of reduce fine sediment inputs to river channels via the use of sediment detention ponds/wetlands and more effective planting of riparian vegetation (buffer strips) to reduce sediment transport and help stabilise river banks, especially in agricultural areas (Hughes, 2016; Verstraeten & Poesen, 2000) . In 
